online | memorias.ioc.fiocruz.br Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 107(2): 170-177, March 2012 Trichomonosis, which is caused by the flagellate protozoan Trichomonas vaginalis, is the most common non-viral sexually transmitted disease. There are an estimated 174 million new cases per year (WHO 2001) of trichomonosis. This infection has been associated with serious health consequences for women, including adverse pregnancy outcomes (Cotch et al. 1997) , infertility (Goldstein et al. 1993) , predisposition to cervical cancer (Viikki et al. 2000) and pelvic inflammatory disease (Cherpes et al. 2006) . Trichomonosis in men is a recognised cause of urethritis, and complications such as prostatitis, epididymitis and infertility have been described (Johnston & Mabey 2008) . Moreover, the infection is a co-factor for human immunodeficiency virus transmission and acquisition (Van Der Pol et al. 2008) . As the host-parasite relationship is very complex (Lehker & Alderete 2000) and there is a broad range of clinical symptoms that cannot be easily attributed to a single pathogenic mechanism, it is important to study the biochemical properties of this parasite to better understand these disease components.
Nucleotides, such as ATP, ADP and AMP and their nucleoside derivative, adenosine, are found in all animal organ systems and produce effects through both intracellular and extracellular mechanisms (Yegutkin 2008) . Extracellular nucleotides and nucleosides are involved in diverse biological and pathological processes and their effects are mediated via a series of selective purinergic type 1 and type 2 receptors (Burnstock 2007 , Sansom et al. 2008 . Ectonucleotidases are a group of ectoenzymes involved in the control of nucleotide and nucleoside levels and can inactivate these molecules by hydrolysis. This group of enzymes includes the ectonucleoside triphosphate diphosphohydrolase (NTPDase) family that hydrolyses nucleoside tri and diphosphates, as well as the ecto-5'-nucleotidase that hydrolyses nucleoside monophosphates (Zimmermann 2001 , Robson et al. 2006 . Therefore, as T. vaginalis lacks de novo purine synthesis, the hydrolysis promoted by the ectonucleotidase cascade may provide the primary precursors of purine nucleotides for the parasite (Heyworth et al. 1982 , Munagala & Wang 2003 . Previous studies from our group have characterised the NTPDase (Matos et al. 2001) and ecto-5'-nucleotidase (Tasca et al. 2003 (Tasca et al. , 2005 activities in the trophozoites of T. vaginalis. In vivo bacterial autolysis and sloughed endometrial cells provide rich sources of purines and pyrimidines for T. vaginalis. The parasites have been shown to be phagocytic and the contribution of phagocytosis to nutrient acquisition is advantageous for the parasite, as the vaginal cavity can be a harsh environment with scarce nutrients (Pereira-Neves & Benchimol 2007) . In vitro, parasite culture medium is typically supplemented with bovine, horse or human serum to provide an important nutritional source for the trophozoites (Linstead 1990) . In mammalian cells, it has been demonstrated that serum deprivation alters cellular growth and promotes an increase in the incorporation of adenosine into adenine nucleotides (Rapaport & Zamecnik 1978) . Considering that (i) trichomonads have no ability to perform de novo purine or pyrimidine synthesis and (ii) the serum added to the medium represents a source of nucleosides, we hypothesised that in a situation of nutrient (serum) limitation, the ectonucleotidases of T. vaginalis could provide the adenosine required for parasite growth. Therefore, the main goal of the present study was to evaluate the effect of bovine serum limitation on the NTPDase and ecto-5'-nucleotidase activities gene expression profiles and to investigate the effect of this condition on ATP metabolism and the T. vaginalis cell cycle.
SUBJECTS, MATERIALS AND METHODS
Culture of T. vaginalis -The T. vaginalis isolate 30236 (from the American Type Culture Collection) and TV-LACH1, a fresh clinical isolate (from the Clinical Laboratory, Faculty of Pharmacy, Federal University of Rio Grande do Sul, Brazil), were used in this study. Trichomonads were cultured axenically in vitro on trypticase yeast-extract maltose (TYM) medium (pH 6.0) that was supplemented with 10% (v/v) heat-inactivated bovine serum (HIBS) and incubated at 37ºC (± 0.5) (Diamond 1957) . Organisms in a logarithmic phase of growth exhibiting motility and a normal morphology were harvested. These were then centrifuged, washed three times with phosphate buffered saline (PBS) 1 x and resuspended in new TYM medium for the following experiments.
Kinetic growth curve and serum limitation conditions -To investigate the influence of serum limitation on T. vaginalis growth, experiments to determine the kinetic growth curves were performed using both isolates. For these experiments, an initial inoculum of 1.0 x 10 5 trophozoites/mL was grown in the presence of 1% (v/v) HIBS on TYM medium. The results are expressed as the percentage of living organisms compared to the parasite control (10% HIBS) and are representative of at least three independent experiments (using different cultures).
Following the kinetic growth curve analysis, trichomonads (1.0 x 10 5 trophozoites/mL) of the ATCC 30236 isolate were placed in TYM medium supplemented with 1% HIBS for 2 h, while the TV-LACH1 isolates were treated with this same condition for 24 h.
Enzyme assays -Trophozoites were harvested and washed three times with 0.9% (w/v) NaCl solution and the viability was evaluated using trypan blue (0.2%) dye exclusion. The parasite suspension was diluted to a final protein concentration of approximately 0.6 mg/mL (ATCC 30236 isolate) or 0.4 mg/mL (TV-LACH1 isolate) to ensure linearity in the enzyme assays. Protein levels were measured with the Coomassie blue method (Bradford 1976 ) and bovine serum albumin was used as the standard.
Intact organisms were added to the NTPDase reaction mixture (50 mM Tris buffer, pH 7.2 and 5.0 mM CaCl 2 ) to measure ATP and ADP hydrolysis (Matos et al. 2001 ). Parasites at the same density were added to the ecto-5'-nucleotidase reaction mixture (50 mM Tris buffer, pH 7.5 and 3 mM MgCl 2 ) (Tasca et al. 2003) . The samples were preincubated for 5 min at 37ºC in 200 μL of the reaction mixture. The reaction was initiated by the addition of the ATP and ADP substrates (final concentration 1.0 mM) for the NTPDase assay or by the addition of AMP (final concentration 3.0 mM) for the ecto-5'-nucleotidase assay. The reaction was terminated by adding 200 μL of 10% (v/v) trichloroacetic acid (TCA). The samples were chilled on ice for 10 min before measurement of the release of inorganic phosphate (Pi) was conducted (Chan et al. 1986 ). Intact organisms were added to the reaction mixtures containing TCA as a control to correct for non-enzymatic hydrolysis of the substrates and the average control values were subtracted from the test sample values. The specific activity was expressed as nmol Pi released/min/mg of protein. All samples were run in triplicate for at least three independent experiments (using different cultures).
Analysis of gene expression by reverse transcriptasepolymerase chain reaction (RT-PCR) assay -T. vaginalis
gene expression patterns were evaluated using a semiquantitative RT-PCR assay. The NTPDase sequences were found using the BLAST function of the GenBank database and specific primers for NTPDase A and B were designed (Table) (Carlton et al. 2007) .
After a period of serum limitation, T. vaginalis trophozoites were centrifuged and washed three times with PBS buffer (pH 7.2) prior to total RNA extraction using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer's instructions. The purity of the RNA was spectrophotometrically quantified by calculating the ratio between the absorbance values at 260 and 280 nm. Next, cDNA species were synthesised from 2.0 µg of total RNA using the SuperScript™ III first-strand synthesis SuperMix (Invitrogen, Carlsbad, CA, USA) according to the supplier's instructions. The PCRs were performed in a volume of 20 μL, which included 0.1 μM of the specific NTPDase primers, 2.5 mM MgCl 2 and 0.5 U Taq Platinum (Invitrogen, Carlsbad, CA, USA) in the supplied reaction buffer. The sequences of the α-tubulin primers matched those from previously described data (Kucknoor et al. 2005 ) and the PCR conditions were performed in accordance with previous studies (Giordani et al. 2010 , Rückert et al. 2010 using 0.5 M betain. All of the assays were carried out using 1.0 μL of the cDNA template. The PCR conditions for the NTPDase reaction were as follows: there was an initial 1 min denaturation step at 94ºC, a 1 min annealing step (NTPDase A and B) (Carlton et al. 2007 ) at 55ºC, a 2 min extension step at 72ºC for 30 cycles and a 5 min final extension at 72ºC. Negative controls were included for each PCR set. The PCR products were separated on a 1% agarose gel using 10 x GelRed (Invitrogen, Carlsbad, CA, USA) and visualised with ultraviolet light. The band intensities were analysed by densitometry using the freeware ImageJ 1.37 software for Windows. The α-tubulin gene was used to normalise the PCR products in a single gel. The results are representative of at least three independent experiments (using different cultures).
Analysis of extracellular ATP metabolism by high performance liquid chromatography (HPLC)
-Following the serum-limited incubation period, T. vaginalis trophozoites were harvested and washed three times with 0.9% (w/v) NaCl solution. The parasite suspensions were diluted to a final protein concentration of approximately 0.6 mg/mL (ATCC 30236 isolate) and 0.4 mg/mL (TV-LACH1 isolate). The total protein content was measured using the Coomassie blue method. Intact organisms were added to the reaction mixture (50 mM Tris buffer, pH 7.2 and 5.0 mM CaCl 2 ) and the reaction was initiated with the addition of 0.5 mM ATP (final concentration) at 37ºC. After the designated incubation time (0, 5, 10, 30, 60 or 90 min), the reactions were stopped and placed on ice. The incubation medium was centrifuged at 11,000 g for 10 min. Aliquots of 20 μL were injected in the chromatographic system (LC-20AT Prominence Liquid Chromatograph, Shimadzu) and the data were acquired using the LC Solution Software (Shimadzu). The chromatographic separation was performed in a Luna C18(2) column (150 mm × 4.6 mm, 3 μm, Phenomenex, Torrance, CA) and a pre-column (4.0 mm × 3.0 mm, 3 μm) using 20 mM KH 2 PO 4 and 40 mM K 2 HPO 4 (pH 7.0) solutions as mobile phase A and acetonitrile as mobile phase B. Buffer solutions were filtered through a 0.45 μm membrane pore (Millipore, Bedford, USA). The mobile phase was eluted at a flow rate of 0.8 mL/min along the gradient that was proposed by Vallé et al. (1998) . The analyte was detected at 260 nm. All of the peaks were identified by retention time and a comparison with the standards. The controls to correct for the non-enzymatic hydrolysis of nucleotides were performed by measuring the peaks from the same reaction medium that was incubated without trophozoites. The controls for cellular purine secretion were performed by incubating the parasites without the substrate under the identical culture conditions described above.
The results are representative of two independent experiments (using different cultures).
Cell cycle analysis by flow cytometry -For the flow cytometry analysis, both isolates were maintained in TYM medium supplemented with 1% (v/v) HIBS for 2 h to allow for a comparison of the cell cycle between the isolates. Inocula of 5.0 x 10 5 trophozoites/mL were incubated under either normal or serum-limiting conditions and were harvested and washed three times with PBS. The cells were then fixed with 70% cold ethanol at 4ºC for 45 min. The trophozoites were incubated with 100 μg/mL RNase A at 37ºC for 15 min and then stained with 50 μg/mL propidium iodide (Sigma) at room temperature in the dark for 30 min. The cell cycle was analysed using a FACSCalibur flow cytometer (BD Biosciences). Following the acquisition of 50,000 events, the data were analysed using FlowJo software (Tree Star). The results are representative of at least three independent experiments (using different cultures).
Statistical analysis -The statistical analysis was conducted using the Student's t test and a 5% level of significance was applied to the data.
RESULTS
In this study, we evaluated the effects of a serumlimiting condition on the levels of ATP, ADP and AMP hydrolysis in T. vaginalis trophozoites. Cellular integrity and viability were assessed before and after the enzymatic assays by examining the motility and the viability of the trophozoites with trypan blue exclusion. The integrity of the trophozoites was not affected by any of the culture conditions. Furthermore, to investigate the effects of bovine serum limitation on the growth and morphology of T. vaginalis, kinetic growth experiments were performed. As shown in Fig. 1 , the in vitro growth of the trichomonads was affected by serum limitation (1% HIBS) compared with the control cultures (10% HIBS). The viability of the 30236 isolate decreased by 55% (Fig. 1A) and the live parasites demonstrated reduced motility and a round morphology after 4 h in a serum-limiting condition. The growth of the TV-LACH1 isolate remained similar to that of the control until 24 h of incubation, at which point the TV-LACH1 isolate exhibited a significant reduction in growth (Fig. 1B) . Based on these findings, we subse- quently chose to use 2-h and 24-h incubations for the 30236 and TV-LACH1 isolates, respectively.
Next, the effects of bovine serum limitation on the NTPDase and ecto-5'-nucleotidase activities were evaluated. The experimental conditions promoted significant increases in the hydrolysis rates of both isolates, as shown in Fig. 2 . The 30236 isolate showed heightened enzymatic activation, as the rates of ATP, ADP and AMP hydrolysis increased 154.4%, 176.1% and 302.5%, respectively, compared to the control cultures (Fig. 2A) . The TV-LACH1 clinical isolate also had increased rates of ATP, ADP and AMP hydrolysis at 14.4%, 22.5% and 162.5%, respectively (Fig. 2B) . The hydrolysis of AMP was greater than that of the nucleoside tri and diphosphates in both isolates. Furthermore, the clinical isolate (TV-LACH1) displayed greater enzymatic activities than did the representative long-term culture isolate (ATCC 30236).
Semiquantitative RT-PCR experiments were performed to verify that bovine serum limitation could influence gene expression of the enzymes responsible for extracellular nucleotide hydrolysis. To investigate the effects of serum limitation on NTPDase transcriptional control, we evaluated the gene expression of two NTPDase sequences obtained from the T. vaginalis genome (the sequence of NTPDase A was 434 amino acids long and the sequence of NTPDase B was 441 amino acids long). Both of these sequences contained the five characteristic apyrase conserved regions of the NTPDase family. The comparison of gene expression from cells in different experimental conditions was performed using band densitometry and the calculation of the enzyme/ α-tubulin ratio. The results indicated that the serumlimiting condition tested altered the NTPDase A and B transcript levels in T. vaginalis (Fig. 3) . For the 30236 isolate, the expression of the NTPDase A transcript was increased in comparison to the control culture. However, this was not seen for the NTPDase B transcript, as the NTPDase/α-tubulin ratio was no different than the control (Fig. 3A) . For the TV-LACH1 isolate, serum limitation promoted greater gene expression of both the NTPDase A and B enzymes (Fig. 3B) .
To gain a better understanding of the extracellular adenine nucleotide hydrolysis, we investigated the ATP metabolism of T. vaginalis trophozoites following HIBS limitation over a period of 90 min by HPLC. For the 30236 isolate (Fig. 4) , we observed that the ATP consumption in the test culture was faster (Fig. 4C ) than in the control culture (Fig. 4A) , which was in agreement with the increased ATP hydrolysis (Fig. 2A) . The decrease in ATP concentration was followed by increased formation of ADP and AMP in the trophozoites maintained in 1% serum than in those grown in 10% serum. On the other hand, the change in the adenosine concentration had a distinct profile; the nucleoside was completely consumed in the control culture in the first 30 min and began to accumulate after this period (Fig. 4B) , while the adenosine was fully consumed in the treated trophozoite culture over a period of 90 min (Fig. 4D ). This suggested that the parasites maintained in 1% HIBS exhibited a greater adenosine dependence than the control culture.
The adenine nucleotide metabolism in the TV-LACH1 isolate is shown in Fig. 5 . In the control culture, ATP was moderately metabolised and there was subsequent ADP and AMP formation (Fig. 5A) . Adenosine was produced within the first 10 min and had been consumed at the next time point analysed (Fig. 5B) . From these tests, we observed that ATP hydrolysis began dur- ing the first minutes in culture and that this compound was increasingly consumed over time. Thus, the ADP and AMP products of the enzymatic reaction were increasing generated over time (Fig. 5C) . Adenosine, the product from the last step in the extracellular ATP cascade, was initially produced and subsequently consumed until it was completely depleted (Fig. 5D) .
As serum deprivation can alter the cell cycle (Chou & Langan 2003 , Gos et al. 2005 , Krzeminski et al. 2007 and increase the pool of adenine nucleotides (Rapaport & Zamecnik 1978) in a variety of cell types, we investigated the effect of HIBS limitation on the T. vaginalis cell cycle. The results demonstrated that serum limitation caused an arrest of the T. vaginalis cell cycle. In regards to the 30236 isolate, the percentage of cells in the G0/G1, S and G2 stages changed from 26.49%, 50.79% and 22.58% to 52.51%, 30.69% and 16.28%, respectively, in response to serum limitation (Fig. 6) . Likewise, the TV-LACH1 parasites exhibited a significant arrest in cell cycle at the G0/G1 phase (45.69-67.13%) and the percentages of cells in the S and G2 stages changed from 36.32% and 21% to 20.89% and 13.59%, respectively, following serum limitation (Fig. 6 ).
DISCUSSION
The current report is the first to evaluate the influence of bovine serum limitation on extracellular nucleotide hydrolysis/metabolism and enzyme gene expression of T. vaginalis trophozoites. In response to incubation in a medium with 1% serum, the ATCC 30236 isolate (longterm-cultured parasite) demonstrated a more pronounced sensitivity towards this stressful condition than the fresh clinical isolate (TV-LACH1). These differences are most likely due to the heterogeneity of these long-term-cultured and the fresh clinical isolates, which resulted in diverse kinetic growth profiles and sensitivity to serum limitation. The ability of T. vaginalis to adapt to a challenging environmental pressure may be explained by the trichomonads possessing signal transduction pathways that link changes in the environment to appropriate changes in transcriptional and post-transcriptional regulatory mechanisms (Lehker & Alderete 2000) . Furthermore, virulence factors of T. vaginalis clinical isolates, such as the adhesion to epithelial cells, morphologic transformations, cytotoxicity and phagocytosis, are strongly reduced when the parasites are submitted to continuous and prolonged in vitro culture (Arroyo et al. 1992 , Gilbert et al. 2000 , Cuervo et al. 2008 . These data highlight the differences between isolates and explain the distinct serum limitation susceptibility profiles observed.
Our results demonstrated that bovine serum limitation promoted a significant increase in the extracellular hydrolysis of ATP, ADP and AMP. In response to serum limitation, the NTPDase and ecto-5'-nucleotidase activities were enhanced and the AMP hydrolysis rates of both isolates were greater than that of the other nucleotides. This dramatic increase in AMP hydrolysis, which is the step in the enzymatic pathway responsible for the production of adenosine, was in agreement with our working hypothesis that had proposed that reduced serum concentrations would result in the activation of ectonucleotidases. Gottlieb (1985) showed that the levels of the 3'-and 5'-nucleotidase activities in the trypanosomatid Crithidia fasciculata were regulated by the availability of adenosine in the culture medium. Specifically, the organisms grown in purine-depleted culture medium had elevated enzyme activity levels over those grown in complete medium. Our findings corroborate these data and strongly suggest that these enzymes play a fundamental role in the generation of adenosine, which is essential for the growth and metabolism of the parasites (Munagala & Wang 2003) . The results obtained from the HPLC analysis are also in agreement with this idea, as the serum-limited cultures had a greater ability to hydrolyse ATP and to consume adenosine. Therefore, we hypothesised that the low concentrations of adenosine depicted in Figs 4, 5, as well as the reduction in the nucleoside level after a certain period in culture, may have been the result of rapid adenosine uptake. Harris et al. (1988) demonstrated that T. vaginalis trophozoites can re-uptake adenosine rapidly, within 100 sec. Moreover, adenosine is transported at a faster rate than guanosine, but at a substantially more rapid rate than uridine. Notably, the study by Harris et al. (1988) found that approximately 75% of the adenosine recovered after 10 sec was within the nucleotide fraction and was principally in the form of ADP and ATP. In this context, further studies are required to clarify the pathway followed by the adenosine produced by ATP metabolism under a condition of serum limitation.
The RT-PCR analysis demonstrated that serum reduction promoted an increase in the relative gene expression of the NTPDase A and B transcripts in both isolates. Increased messenger ribonucleic acid levels were observed in the TV-LACH1 isolates than in the 30236 isolates. This difference may be attributed to the time that the cultures were exposed to the condition tested, as the clinical isolate (TV-LACH1) trophozoites were maintained for 24 h in a medium with 1% serum and the 30236 isolate was maintained under these conditions for only 2 h. This short incubation may have resulted in the lack of evident gene upregulation.
In contrast and despite an exhaustive search, the GenBank databases did not reveal the existence of any putative T. vaginalis homologues for the ecto-5'-nucleotidase (Carlton et al. 2007 ). This may be explained by the occurrence of error rates during the functional assignment of these enzymes and by these estimates can ranging from 5-40%, depending on the definition of "function". Moreover, in terms of the accuracy and utility of a functional annotation, it is important to consider that an enzyme can have different functions, depending on its temporal and spatial expression within the cell. The concept that each enzyme has only one function is overly simplistic and this promiscuity raises several issues for the functional annotation, as each function should be qualified by its cellular context (Furnham et al. 2009 ).
In the vaginal environment, the nutritional requirements of the parasites are provided by the epithelial cells, leukocytes and other microorganisms, which are phagocytosed by trichomonads (Pereira-Neves & Benchimol 2007) . During a menstrual cycle, erythrocytes provide additional nutrient sources including nucleotides, lipids, haemin and haemoglobin, which are compounds that sustain T. vaginalis growth (Lehker et al. 1990 , Alderete et al. 2004 ). For trichomonad culture in vitro, the serum added to the growth medium is extremely important for trophozoite growth maintenance. The main role of the serum is to supply lipids, in particular fatty acids and cholesterol, in a form that can be assimilated by the organism without toxicity (Linstead 1990 ). However, besides these compounds, serum provides additional molecules that are essential for the parasites, such as precursors of the purine and pyrimidine nucleotides (Wang et al. 1984) . Adenosine is used by the parasite for nucleic acid synthesis, ATP generation and intracellular signalling and the ectonucleotidases represent an efficient pathway for the acquisition of adenosine. As T. vaginalis lacks de novo purine synthesis, these enzymes play an important role in adenosine production, which is necessary for the survival of the parasite (Munagala & Wang 2003) .
In this study, serum limitation promoted the activation of NTPDase and ecto-5'-nucleotidase activities, which indicated that these enzymes are used to produce adenosine that will be uptake by the purine salvage pathways in this culture condition. Similarly, previous studies have shown that the incorporation of adenosine into ATP and ADP pools is markedly increased in serum-deprived mammalian cells (Rapaport & Zamecnik 1978 , Albert & Gudast 1985 . Importantly, serum deprivation is a well-established process that promotes cell cycle arrest at the G0/ G1 stage in several cell types (Kues et al. 2000 , Cooper 2003 and this was further supported in the present study. Thus, according to a study by Rapaport and Zamecnik (1978) , the increased incorporation of adenosine into the nucleotide pools driven by serum limitation may act as a signal that mediates an intracellular response to environmental changes and halts cellular proliferation.
In summary, the present report has demonstrated the important role of ectonucleotidases and specifically the NTPDase and the ecto-5'-nucleotidase, in the production of adenosine by T. vaginalis trophozoites in conditions of serum limitation. Furthermore, these results emphasise the relevance of the enzymatic pathway that breaks down ATP and provides adenosine for parasite growth to support the establishment of the infection. Future investigations using an RNA interference approach will further contribute to understanding of the role of NTPDase and ecto-5'-nucleotidase activities in T. vaginalis biology, as well as to searching their potential use as pharmacological targets.
